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Highlights: 
Pectin and MTGase have positive effect on the rheological and gel properties of gelatin 
MTGase could catalyze the pectin-fish scales gelatin complex formation 
AFM was used to observe the complex modified fish scales gelatin  
The complex modified fish gelatin could replace mammalian gelatin 
 
 Abstract 
The rheological behavior, gel properties and nanostructure of complex modified fish scales gelatin (FSG) 
by pectin and microbial transglutaminase (MTGase) were investigated. The findings suggested that 
MTGase and pectin have positive effect on the gelation point, melting point, apparent viscosity and gel 
properties of FSG. The highest values of gel strength and melting temperature could be observed at 0.8% 
(w/v) pectin. Nevertheless, at highest pectin concentration (1.6% w/v), the gel strength and melting 
temperature of complex modified gelatin gels decreased. Atomic force microscopy (AFM) and scanning 
electron microscopy (SEM) analysis revealed that MTGase catalyzed cross-links among soluble fish 
scales gelatin - pectin complexes, which could be responsible for the observed increase in rheological 
behavior, gel strength and melting temperature of modified complex gels. 
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1. Introduction 
Gelatin is a class of water soluble, high-molecular weight protein derived from collagen by 
thermal denaturation or partial hydrolysis and, is widely applied in the food and cosmetic industries as 
a stabilizer and to improve elasticity and consistency (Karim & Bhat, 2009; Bode, da Silva, Drake, 
Ross-Murphy & Dreiss, 2011). Currently, about 98.5% of the world’s gelatin production is extracted 
from mammalian source (Karim & Bhat, 2009). However, applications of mammalian gelatin have 
attracted religious restrictions as well as food safety concerns because these mammalian gelatin are 
capable of transmitting pathogenic vectors such as prions from the diseased animals, and are 
 unacceptable to consumers with strict adherence to vegetarianism throughout the world (Karim & 
Bhat, 2009). Since then, there has been great interest in gelatin alternatives (Kaewruang, Benjakul & 
Prodpran, 2014a; Kaewruang et al., 2014b; Tu et al., 2015). 
Fish gelatin has been regarded as an alternative to mammalian gelatin, due to its similar functional 
properties (foaming, emulsifying, et al.) (Karim & Bhat, 2009). Nevertheless, the main problem of the 
technique is that fish gelatin possesses inferior rheological and gel properties, compared with 
mammalian gelatin, more likely due to the lower contents of hydroxyproline, proline and imino acid, 
which limit its large-scale applications (Karim & Bhat, 2009; Tu et al., 2015). In order to overcome 
these traits, various approaches have been put forward for improving its gel and rheological 
properties.  
Cross-linking by MTGase and tryosinase are sound processes that can be applied to improve 
the functional properties of fish gelatin (Babin & Dickinson, 2001;Chen, Embree, Brown, Taylor & 
Payne, 2003; Bode et al., 2011). While increasing concentrations of MTGase can result in lower 
strength and hardness of gels due to excessively rapid gel network formation (Karim & Bhat, 2009) and 
the higher cost of the tryosinase has limited its further applications (Anvari & Chung, 2016). The 
mechanical properties of gelatin can also be improved by introducing covalent ‘chemical’ crosslinks 
between single strand chain segments by chemical crosslinking agents, such as formaldehyde, 
terephthalaldehyde and glutaraldehyde (Biscarat, Galea, Sanchez & Pochat-Bohatier, 2015).  
However, genotoxic effects on use such chemical cross-linkers in food systems is of great concern 
(Anvari & Chung, 2016). Physical treatments, such as ultraviolet and γ irradiation, also can be used to 
modify the gelatin network to improve its functionality (Bhat & Karim, 2009; Sung & Chen, 2014). 
Furthermore, a mixed system combining a given fish gelatin with other polysaccharide could be 
 exploited to compensate for the generally weak gel strength of that fish gelatin by the formation of 
complex coacervate (Farris et al., 2011; Haug, Draget & Smidsrød, 2004; Pranoto, Lee & Park, 2007; 
Sow & Yang, 2015). Nevertheless, physical treatment and the formation of complex coacervate are 
highly unstable under different conditions (Anvari & Chung, 2016).  
Recently, combine enzymatic crosslinking with polysaccharide has gathered great interest for the 
formation of stable complex coacervate gels, and they have been considered extensively for the 
important role to produce or develop novel products in food and pharmaceutical industries (Wu & 
McClements, 2015; Anvari & Chung, 2016). And, the effect of combine various enzyme concentrations 
and constant polysaccharide content on the rheological behavior of fish gelatin gels (Chen et al., 2003; 
da Silva, Bode, Grillo & Dreiss, 2015) and mechanical properties of films (Kołodziejska, Piotrowska, 
Bulge & Tylingo, 2006; Kołodziejska & Piotrowska, 2007) have been reported. However, few reports 
about obtaining a fish gelatin with high gel properties and thermal behavior simultaneously were 
available. 
In our previous work, MTGase showed higher modification efficiency than pectin, and high 
concentration of MTGase could increase thermal properties of fish gelatin with decreased gel strength 
(Huang, et al. 2016). Therefore, the objective of this study was to obtain a FSG with better rheological 
behavior, gel and thermal properties using pectin and high concentration of MTGase complex 
modification. Nano- and micro-structure were also studied to elaborate a proper method to modify FSG. 
The findings should provide some useful information for modifying FSG to achieve desired rheological, 
gelation and thermal properties. 
 
2. Materials and methods 
 2.1 Materials 
Bighead carp (Hypophthalmichthys nobilis) scales gelatin was extracted according to our previous 
reports (Sha et al., 2014). High-methoxyl citrus pectin was obtained from Sigma Chemical Co (P9135, 
Shanghai, China). Commercial pig skin gelatin (170 Bloom) was purchased from Henan Jinrun Food 
Additive Co., Ltd (Zhengzhou, Henan, China). Microbial transglutaminase (MTGase) was obtained 
from Yiming Biotechnology Company (100 u/g, Tai Xing City, Jiang Su province, China) 
 
2.2 Modification of FSG 
Lyophilized FSG was dissolved in deionized water at 50 oC and kept under stirring at 100 rpm for 
1 h to prepare 6.67 % (w/v) gelatin solution. Pectin was added in gelatin solution to obtain the final 
concentration of pectin at 0.1, 0.2, 0.4, 0.8 and 1.6% (w/v). The mixture was kept in water bath (40 oC) 
for 30 min under constant stirring, and pH was adjusted to 6.5. The final concentration of MTGase was 
0.06% (w/v) according to the modification efficiency (Huang, et al. 2016), and samples with varying 
pectin concentration were named as TG-P(0.1%), TG-P(0.2%), TG-P(0.4%), TG-P(0.8%), TG-P(1.6%), 
respectively. Then mixture solution was kept in water bath at 40 oC for 40 min. Subsequently, the 
enzyme was irreversibly inactivated (100 oC, 5 min), followed by cooling down to room temperature 
and put in refrigerator (4 oC). Unmodified FSG and modified only by MTGase were named as control 
and TG, respectively. 
 
2.3 Rheological behavior 
Temperature sweep: Dynamic oscillatory measurements on temperature sweeps of modified / 
unmodified gelatin were carried out using a shear stress-controlled rheometer (Paar– Physica MCR 302, 
 Anton Paar, Germany) with a cylinder. The temperature was controlled by a water bath connected to 
the peltier system in the bottom plate. The measurements were carried out according to the method of  
Pang et al. (2014) with some modifications. Temperature sweeps were carried out from 40 to 5 oC and 
5 to 40 oC, with heating / cooling rates of 0.5 oC/min. The values of storage modulus (G’), loss modulus 
(G’’) and tan δ (G’’/G’) were determined by a temperature sweep test at 0.5% strain and 1 Hz 
frequency. The cross-over point of G’ and G’’ was considered as the gelling or melting temperatures of 
the gelatin gels, respectively.  
Frequency sweep: To assess the cross-linking behaviour of gelatin gels, a dynamic frequency 
sweep was performed at 5 oC with strain held at 0.5% and frequency oscillated from 0.01 to 10 Hz, 
within the identiﬁed linear viscoelastic region. 
Apparent viscosity: The gelatin solution was held at 25 oC for 3 min, the shear rate was ramped 
from 0.1 to 100 1/s. Finally, the apparent viscosity was plotted as a function of this parameter. The 
results presented in this work are examples of typical data obtained, not averages, except when 
indicated otherwise. 
 
2.4 Determination of gel strength 
Gel strength of original and modified gels were measured according to Kaewruang et al. (2014a) 
with some modifications. The gelatin solution was matured in a constant temperature incubator at 10 oC 
for 16-18h. The gel strength was measured using a TA.XT plus texture analyser (Stable Micro 
System,Surrey, UK) with a load cell of 5 kN and equipped with a 12.7 mm diameter ﬂat-faced 
cylindrical plunger at testing speed of 0.5 mm/s. Gel strength was expressed as the maximum force (g) 
when the penetration distance reached 4 mm.  
  
2.5 Texture profile analysis (TPA) 
TPA was measured using the Texture Analyser (Stable Micro System, Surrey, U.K). Gelatin 
solution was poured into a mold and matured at 10 °C for 16-18 h. Then gelatin gels were cut into dics 
of 2.2 cm in diameter and 1.5 cm in height at 10 °C. The gels were subjected to two cycle compression 
to 40% of its original height with a ﬂat cylindrical probe (47 mm) at a speed of 1.0 mm/s. Hardness, 
brittleness, springiness, cohesiveness, adhesiveness, gumminess and chewiness of the samples were 
calculated from TPA curve according to the definition described by Sow & Yang (2015). 
 
2.6 Melting temperature 
Melting temperature of gelatin was measured according to the method of Tu et al. (2015). Gelatin 
solution (6.67%, w/v) was transferred in screw cap test tubes (12 × 75 mm) with some headspace, then 
closed and put at inverted position in 4 oC refrigeration for 16-18 h. The melting temperature was 
measured by the circulation in constant temperature water bath (CXDC-0510, Shun ma, Nanjing, 
China). The test tube was transferred into a water bath at 10 oC for 10 min. The water bath was warmed 
gradually at 0.5 oC/min. The melting temperature was recorded as the temperature at which a bubble 
started to move up to the headspace, each sample was analysed in triplicate.  
 
2.7 Atomic force microscopy (AFM) 
The samples solution were diluted to 0.667% (w/v). About 20 µL of each solution was pipetted 
rapidly onto a piece of freshly cleaved mica sheet that was stuck onto a 15 mm diameter AFM 
specimen disc. The mica surface was then naturally air-dried for about 24 h at room temperature and 
 kept in a desiccator for at least 24 h before imaging. The nanostructure characterization of gelatin was 
carried out by Agilent 5500 atomic force microscope (Agilent,USA). The tapping mode was used to 
characterize the nanostructure in air at ambient temperature. The resonance frequency: 330 KHz; force 
constant: 48 N/m was used. The scan speed was about 0.5–2 Hz.  
 
2.8 Scanning electron microscopy (SEM) 
Scanning electron microscopy of gels was acquired according to Pang et al. (2014) with some 
modification. Gelatin gels having a thickness of 2 - 3 mm were ﬁxed with 2.5% (v/v) glutaraldehyde in 
0.1 M phosphate buffer (pH 7.2) for 4 h, dehydrated in ethanol with a serial concentrations of 30, 50, 
70, 90 and 100% (v/v) for 20 min. Dried samples were pasted onto double-sided adhesive tape attached 
to a circular specimen stub. The microstructure of the gels was examined using a scanning electron 
microscope (FEI Deutschland GmbH, Germany) at an acceleration voltage of 5 kV. 
 
2.9 Statistical analysis 
All the experiments were conducted in triplicate and the data are reported as means values ± 
standard deviation (SD). Significant differences between means (p < 0.05) were studied by oneway 
ANOVA test using SPASS 19.0 (SPSS Inc., Chicago, IL) 
 
3 Results and discussions 
 
3.1 Analysis of rheological behavior  
Temperature sweep 
 To evaluate the gel forming kinetics and gel mechanical stability, temperature evolution 
measurements were performed to monitor the development of storage modulus (G’), loss storage (G’’) 
(Fig. 1 and Fig. 2). Fig. 1A and B clearly show that the G' and G" values of the complex modified FSG 
were higher than those of both TG and control in the temperature range of 20 - 40 oC and 5 - 40 oC, 
respectively. Also steep increase in G’ and G’’ were observed as the temperature was decreased to 5 °C, 
before which they remained fairly constant at high temperatures. The increase in G’ upon lowering the 
temperature to 5 oC is caused by triple-helix formation, meaning the formation of gel.  
The gelatin gels are formed through the single-strand to triple-helix transition of gelatin chains via 
ionic interaction, hydrogen bonding, van der Waals forces, hydrophobic association and self-assembly 
(da Silva et al., 2015). The complexity of junctions formation leads to various gel structures. During 
cooling and heating, there is a geometric point where G' and G" are in an equilibrium, and the 
crossover points of G' and G" on the cooling and heating curves are defined as gelation and melting 
point (Anvari & Chung, 2016). Table 1 shows that the gelation point of complex modified fish gelatin 
increased as pectin increased from 0.2 to 1.6 % (w/v) and TG-P(0.8%) has highest gelation point as well 
as pig skin gelatin (Fig. S1A), demonstrating that MTGase and pectin have positive effects on the 
gelation temperature when used at proper concentrations.  
 
With the increase of temperature during heating process, all of the complex modified gels showed 
thermoreversible behavior, and the values of G’ and G” decreased upon rising temperature (as shown in 
Fig. 2) due to the weakening of the H-bonded triple helix. The “melt transition temperature” is assumed 
as the crossover point of both components of the dynamic modulus. As exhibited in Table 1, the 
melting points were higher than gelation points for all gelatin gels due to the thermal hysteresis, which 
 is a commonly observed indication of reluctance to the thermoreversible sol-gel transformation of a 
polymeric system. TG-P(0.8%) and pig skin gelatin showed the highest melting point. When the 
temperature increased above the gelation temperature, G’ dropped abruptly towards zero, confirming 
the reversibility of single-strand-to-triple-helix transition. Therefore, rheological data clearly shows that 
addition of pectin and MTGase have a strong positive effect on the thermo-stability of modified FSG.  
 
Frequencey sweep 
As shown in Fig. 3A, the original gel exhibited the highest storage modulus among all samples, 
except TG-P(1.6%). Similarly, Bode et al. (2011) reported that the G’ of modified tilapia gelatin by 
MTGase was lower than that of unmodified gels. The value of G’ was closely related to the 
concentration of triple-helical residues (Joly-Duhamel, Hellio, Ajdari & Djabourov, 2002). In this study, 
complex modified gelatin gels showed lower G’ (except TG-P(1.6%)) than others, indicating that the 
formation of covalent bonds among soluble gelatin-pectin complexes catalyzed by MTGase would 
affect triple-helix formation. This was probably that the presence of covalent bonds limit the amount of 
consecutive sites essential for helix formation. Theoretically, G’ could reach a plateau upon increasing 
time. Interestingly, in this study, all the G’ increased with increasing frequency, which suggested that a 
high oscillatory shear may weaken the original gel structure. This observation is confirmed by 
evaluating tan δ values (Fig. 3B). When tan δ < 0.1, a confirmation of the solid state of gels is obtained 
(Moreira et al., 2014). In this study, all the tan δ of gelatin gels were lower than 0.1, indicating good gel 
network or more solid-like nature of the gels. Gels with lower tan δ values resulted in stronger gels 
network. While, tan δ increased with increasing frequency without being 1 for all the gels, indicating a 
tendency toward weakening gel network behavior at higher frequencies.  
  
Apparent viscosity 
All the modified gelatin solution exhibited Newton behavior at low shear rates and non-Newton 
behavior at high shear rates (Fig 3C). This phenomenon might be caused by the changes in gels 
dispersity, molecular shape and strength of intra-molecular chemical bonds upon various shear rates. 
Generally, the apparent viscosity of gelatin increased with increasing pectin content, and TG-P(1.6%) 
exhibited highest viscosity, indicating that pectin and MTGase have positive effect on the viscosity of 
modified gelatin. However, this effect was labile, thus, a shearing-thinning was observed with further 
increase in the applied shear rates. This phenomenon corresponded to the disentanglement of 
intermolecular hydrophobic interactions as described by Liang et al. (2015). Moreover, in comparison 
to only MTGase modified FSG, complex modified FSG seemed more efficient in increasing the initial 
apparent viscosity. For example, the viscosity of TG-P(0.1%), TG-P(0.2%), TG-P(0.4%), TG-P(0.8%) and 
TG-P(1.6%) at 0.01 s-1 were 13.96, 31.05,65.24, 544.16 and 6951.57 fold higher than that of control, 
respectively. And were 4.49, 9.99, 20.99, 175.07 and 2336.48 folds higher than that of TG, respectively. 
These may because that MTGase cross-linked fish gelatin - pectin soluble complexes form polymers 
with high molecular mass, as suggested by Jiang et al. (2016). 
 
3.2 Gel strength 
Gel strength is an inherent structural feature of gelatin known as the rigidity factor for predicting 
its physical characteristic in actual application in food products (Kuan, Nafchi, Huda, Ariffin & Karim, 
2016). The gel strength of unmodified and modified fish gelatin is shown in Table 2. Compared with 
original and the complex modified gelatin, MTGase modified gelatin showed the lowest gel strength 
 value (p < 0.05). This was believed to be caused by the excessive formation of intramolecular covalent 
bonds induced by MTGase (Wangtueai, Noomhorm & Regenstein, 2010). Interestingly, the gel strength 
was significantly increased as pectin levels increased from 0.1 to 0.8% (w/v) (p < 0.05), and then 
decreased as pectin concentration reached to 1.6% (w/v). TG-P(0.8%) exhibited the highest gel strength 
(523.89 ± 3.36 g) (p < 0.05). These results indicated that pectin at the optimum concentration showed 
an enhancing effect on the gel strength of gelatin gels. This is probably because pectin and gelatin 
could form complexes via electrostatic interaction, the charged pectin was introduced to alter the 
aggregation of proteins, with the electrostatic complexes acting as the building blocks for the gels. 
Following, this gel network was then enhanced via covalent cross-linking among complexes induced 
by MTGase. Nevertheless, nanostructure and microstructure analysis suggested that more and larger 
complexes were formed as pectin content increased, and this might bury the binding sites and decrease 
the gel strength (TG-P(1.6%)).  
 
3.3 Textural properties 
The TPA tests differs from gel strength test for it can better imitate the actions applied to the gels 
by the tongue and teeth (Wangtueai et al., 2010). The effects of MTGase and pectin on gel hardness are 
shown in Table 2. The highest value of hardness (p < 0.05) was found in TG-P(0.8%), while TG gave 
lowest (p < 0.05). And the hardness values of complex modified FSG generally were increased as the 
concentration of pectin increased (p < 0.05). This was consistent with the results of gel strength. 
Adhesiveness is defined as the work necessary to overcome the attractive forces between the product 
and a specific surface. Complex modification had stronger effect on adhesiveness than that of MTGase 
alone. Amongst all gels, TG-P(0.1%) showed the highest adhesiveness (p < 0.05). 
 Insignificant difference in springiness and cohesiveness were found among the gelatin gels (p > 
0.05). Kaewruang et al. (2014b) reported that the bovine gelatin / phosphorylated ﬁsh gelatin in 
different ratios were similar in springiness and cohesiveness. Wangtueai, Noomhorm & Regenstein 
(2010) also reported that various concentrations of MTGase could not alter the springiness of lizardfish 
scales gelatin gels. Springiness is a perception of gel’s “rubberiness” in the mouth, and is a measure of 
how much the gel structure is broken down by the initial compression. High springiness, requires more 
mastication energy in the mouth (Kaewruang et al., 2014b). Cohesiveness is often used as an index of 
the ability of a gel to maintain an intact network structure. It indicates how well the product withstands 
a second deformation relative to its behaviour during the first deformation (Ganasen & Benjakul, 2010). 
The gumminess and chewiness were followed similar trend to hardness and were the highest in the 
gelatin gel with highest hardness (TG-P(0.8%)). This was similar with Kaewruang et al. (2014b) and 
Muyonga et al. (2004), who reported that the hardness was related to the gumminess of gelatin. 
TG-P(0.8%) showed the highest resilience, indicating gel possesses best elasticity. No brittleness or 
fracturability was detected of all gelatin gels (data not shown) due to the lack of brittleness in ﬁsh and 
mammalian gelatin (Muyonga et al., 2004; Shafiur Rahman & Al-Mahrouqi, 2009; Kaewruang et al., 
2014b). The differences in textural characteristics of gelatin gels could be explained by the different 
molecular weight distributions (Kaewruang et al., 2014b), as well as aggregation of complexes. 
 
 
3.4 Melting temperature 
Melting temperature is one of the most important functional properties of gelatin beside gel 
strength, visco-elastic properties and gelling temperature (Pranoto, Lee & Park, 2007). The melting 
 temperature of gelatin gels are shown in Table 1. Native fish gelatin extracted from bighead carp scales  
(26.63 ± 0.05 oC) showed lower melting temperature than that of pig skin gelatin gelatins (30.53 ± 0.15 
oC), due to the differences in amino acid composition and molecular weight distributions (Karim & 
Bhat, 2009). All the modified fish gelatin showed higher melting temperature than original gels (p < 
0.05). Moreover, it is worth noting that the melting temperatures of complex modified fish gelatin 
increased largely. TG-P(0.8%) had the highest melting temperature (31.16 ± 0.15 oC), which is higher 
than that of pig skin gelatin (30.53 ± 0.15 oC). These findings could be explained by considering the 
possible formation of supra-molecular structural network upon modification with MTGase. Pectin and 
fish gelatin could form soluble complexes by electrostatic interactions, and MTGase-catalyzed covalent 
bonds among soluble complexes could form higher molecular weight distributions (this could be 
explained by the results of AFM and SEM), which in turn contributed to the improved melting 
temperature. While, higher pectin content decreased the melting temperature, this was consistent with 
gel strength.  
In this study, two different methods were used to measure melting temperature, and similar 
tendency was obtained. This indicated that MTGase and pectin had a positive effect on the thermal 
properties of fish gelatin. Melting temperature also determines the sensory quality of some food 
products in which gelatin is used (Muyonga et al., 2004). It might be concluded that modified fish 
gelatin could be used to partly replace some other gelatins in food industry without significantly 
altering the texture.  
 
3.5 AFM 
AFM can be applied as a novel tool to help understand the underlying mechanism of changed 
 properties of gelatin. Several studies have explored the nanostructure of native fish gelatin (Yang, 
Wang, Zhou & Regenstein, 2008), physically modified fish gelatin (Farris et al., 2011), and ultrasonic 
gelatin hydrolysis (Yu, Zeng, Zhang, Liao & Shi, 2016). However, few studies have used AFM to 
observe the chemical modiﬁcation of gelatin, especially complex modification.  
 
Therefore, in this study, the gelatin's nanostrutural changes were analysed using AFM (Fig. 4). 
Farris et al. (2011) reported that gelatin molecules could assemble into aggregates containing short 
segments. Interestingly, in this study, the original gel surface presented some voids. While, in general, 
the formation of void was less observed since the nanostructure of gelatin was coacervates and 
spherical aggregates. The gelatin nanostructure was related to the concentration (Yang & Wang, 2009), 
extraction method and experimentation (Yang et al., 2008). Yang & Wang (2009) found that high 
concentration gelatin (from 1% to 6.67%) had fibril structure, however, for the low concentration 
gelatin, most of the structural morphology was spherical aggregates. Yang et al. (2008) reported that 
acid pretreated gelatin showed coacervates of dense matter with a large heterogeneity, alkaline 
pretreated gelatins presented both separate aggregates and annular pores. In this study, original gelatin 
showed more voids, indicating it showed the worst rheological behavior and weakest gel properties. 
 All modified fish gelatin gels showed no voids, but formed aggregates, and the amount of 
aggregates was significantly increased as pectin content increased. This is because gelatin is a flexible 
protein, which is able to form aggregates strongly via hydrogen bonds and electrostatic interaction with 
pectin (Doublier, Garnier, Renard & Sanchez, 2000). Besides, small bamboo shoot and conglomerate 
structures were found in original pectin (Fig. S2), indicating the heterogeneity of pectin as well as 
modified gelatin. 
 In contrast to MTGase modified fish gelatin, complex modified gelatin had more and larger 
aggregates on the surface. It was also found that the mean surface roughness parameters of mean 
roughness (Ra) was increased from 4 nm (TG) to 56 nm (TG-P(0.8%)). This indicated that the 
compatibility between pectin and gelatin was good. On increasing pectin content further, smaller but 
more aggregates could be found on the modified gelatin gel surface, also the Ra decreased to 18. The 
irregular separate aggregates in the various modification methods indicated that acid facilitates the 
swelling process and the results are consistent with the irregular physical properties. 
 
3.6 Gel microstructure 
To visualize the microstructure of the formed gels, scanning electron microscopy (SEM) was used 
to analyze the network structure at a submicron (SEM) level. As shown in Fig. 5, the original gelatin 
gel has a much looser network and larger voids, compared with gels from modified gelatins. This 
concurs with the nanostructure observed with AFM. The microstructure of MTGase only modified 
gelatin gel presented less and smaller voids. However, the spherical structures are clearly visible on the 
surface of the complex modified gelatin, and these spheres are clustered or fused together to form 
nodules. In addition, as the pectin content increased, the size and number of nodules increased. This 
indicated that pectin and fish gelatin formed soluble complexes, and then MTGase induced the 
formation of cross-linking among these complexes in the gel structure. This was similar with the results 
of the complex modified nanostructure (Fig. 4). Therefore, the arrangement and association of gelatin 
molecules in the gel matrix were governed by modified gelatin structure, which was mediated by the 
modification condition. 
 
 4. Conclusion 
The results of this study demonstrated that complex modification of pectin and MTGase could be 
used to obtain fish gelatin with better rheological properties, higher gel strength and melting 
temperature. Rheological results showed that the enhancement of pectin could improve gelling ability 
and apparent viscosity of the complex modified FSG. However, modification could disturb the 
formation of triple helix, showing lower storage modulus (except TG-P(1.6%)). In particular, frequency 
sweep revealed that all the obtained gelatin gels can be classified as weak gels upon high frequency. 
Gel properties analysis showed that TG-P(0.8%) possessed the highest melting temperature, gel strength 
and hardness. AFM and SEM revealed that MTGase-catalyzed covalent bonds among soluble fish 
scales gelatin-pectin complexes, resulted to significant changes in the nanostructure and microstructure 
of gels as well as in the morphology of their surface. As a conclusion, the addition of pectin could 
change the phenomenon that high MTGase induced thermal and gel properties were inconsistency, 
producing fish gelatin with higher gel and thermal properties than those of mammalian gelatin. Thus, 
the reinforced complex modified FSG gels formed suitable networking structure which may replace 
mammalian gelatin and are convenient means for a variety of applications in the food and 
pharmaceutical industries. Moreover, the complex modified fish gelatin should be studied further in 
applications, such as gelatin film and even release delivery systems. 
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Fig.1 Storage modulus (A) and loss modulus (B) of gelatin upon cooling from 40 °C to 5 oC. Control: unmodified fish scales 
gelatin (FSG); TG: FSG modified by 0.06% (w/v) MTGase; TG-P(0.1%), TG-P(0.2%), TG-P(0.4%), TG-P(0.8%), TG-P(1.6%): FSG 
modified by various pectin content (0.1, 0.2, 0.4, 0.8 and 1.6% w/v) and constant 0.06% (w/v) MTGase, respectively.  
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Fig.2 Storage modulus (A) and loss modulus (B) of gelatin upon cooling from 5 °C to 40 oC. Control: unmodified fish scales 
gelatin (FSG); TG: FSG modified by 0.06% (w/v) MTGase; TG-P(0.1%), TG-P(0.2%), TG-P(0.4%), TG-P(0.8%), TG-P(1.6%): FSG 
modified by various pectin content (0.1, 0.2, 0.4, 0.8 and 1.6% w/v) and constant 0.06% (w/v) MTGase, respectively.  
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Fig.3 Storage modulus (A) and tan δ of unmodified / modified FSG gels (B) during frequency sweep; apparent viscosity of 
gelatin upon gel simulating (C) Control: unmodified fish scales gelatin (FSG); TG: FSG modified by 0.06% (w/v) MTGase; 
TG-P(0.1%), TG-P(0.2%), TG-P(0.4%), TG-P(0.8%), TG-P(1.6%): FSG modified by various pectin content (0.1, 0.2, 0.4, 0.8 and 1.6% w/v) 
and constant 0.06% (w/v) MTGase, respectively.  
  
Fig.4 Nanostructure of gelatin solution at 0.667% (w/w). Control: unmodified fish scales gelatin (FSG); TG: FSG modified by 
0.06% (w/v) MTGase; TG-P(0.1%), TG-P(0.2%), TG-P(0.4%), TG-P(0.8%), TG-P(1.6%): FSG modified by various pectin content (0.1, 0.2, 
0.4, 0.8 and 1.6% w/v) and constant 0.06% (w/v) MTGase, respectively.  
 
 
Fig.5 SEM micrographs of FSG gels. Control: unmodified fish scales gelatin (FSG); TG: FSG modified by 0.06% (w/v) MTGase; 
TG-P(0.1%), TG-P(0.2%), TG-P(0.4%), TG-P(0.8%), TG-P(1.6%): FSG modified by various pectin content (0.1, 0.2, 0.4, 0.8 and 1.6% w/v) 
and constant 0.06% (w/v) MTGase, respectively.  
 Table 1 Gelation point, melting point, gel strength and melting temperature of unmodified and 
modified fish scales gelatin.  
Samples PSG Control TG TG-P(0.1%) TG-P(0.2%) TG-P(0.4%) TG-P(0.8%) TG-P(1.6%) 
Gelation point (oC) 24.01±0.14e 20.02±0.13a 22.51±0.35b 22.52±0.15b 23.02±0.35bc 23.52±0.35bc 24.02±0.24e 23.77±0.35de 
Melting point (°C) 30.93±0.28e 26.48±0.35a 28.98±0.36b 29.48±0.35bc 29.98±0.30cd 30.48±0.34de 30.98±0.34e 30.48±0.35de 
Gel strength (g) 497.77±5.33d 482.53±10.55c 442.70±6.59a 469.20±2.17b 488.41±3.97cd 495.83±3.36d 523.89±8.93e 482.64±6.59c 
Melting temperature (oC) 30.53±0.15f 26.63±0.05a 28.8±0.1b 29.1±0.1c 29.33±0.05d 30.06±0.05e 31.16±0.15g 30.33±0.12f 
PSG: Pig skin gelatin; Control: unmodified fish scales gelatin (FSG); TG: FSG modified by 0.06% (w/v) MTGase; TG-P(0.1%), 
TG-P(0.2%), TG-P(0.4%), TG-P(0.8%), TG-P(1.6%): FSG modified by various pectin content (0.1, 0.2, 0.4, 0.8 and 1.6% w/v) and 
constant 0.06% (w/v) MTGase, respectively. Different letters denote significant difference (p < 0.05).  
 
 
Table 2 Texture proﬁle of unmodified and modified fish scales gelatin. 
Samples PSG Control TG TG-P(0.1%) TG-P(0.2%) TG-P(0.4%) TG-P(0.8%) TG-P(1.6%) 
Hardness (g) 945.55±16.71e 833.58±13.93bc 768.77±20.61a 816.9±20.22b 861.45±17.74c 893.81±11.52d 958.77±8.64e 832.43±21.36bc 
Adhesiveness (g.s) -2.72±0.31b -5.95±1.64a -4.67±0.20a -0.99±0.56c -1.51±0.33bc -2.62±0.31b -2.11±0.9bc -2.75±0.65b 
Springiness 0.96±0.02a 0.95±0.02a 0.96±0.01a 0.95±0.04a 0.97±0.01a 0.96±0.01a 0.97±0.01a 0.96±0.02a 
Cohesiveness 0.96±0.01a 0.94±0.01a 0.96±0.01a 0.97±0.02a 0.95±0.02a 0.96±0.01a 0.97±0.01a 0.96±0.02a 
Gumminess (g) 879.89±20.79d 783.39±18.33b 734.85±18.30a 789.08±24.76bc 818.8±21.32c 856.09±16.46d 926.27±2.12e 799.52±20.95bc 
Chewiness (g) 843.23±34.93cd 743.53±26.6ab 703.25±9.82a 755.63±50.01ab 816.91±39.7c 821.26±19.16c 898.76±6.59d 769.06±31.03bc 
Resilience 0.87±0.02bc  0.82±0.02a 0.82±0.02a 0.85±0.01ab 0.86±0.01ab 0.89±0.03bc  0.91±0.01c 0.84±0.01ab 
PSG: Pig skin gelatin; Control: unmodified fish scales gelatin (FSG); TG: FSG modified by 0.06% (w/v) MTGase; TG-P(0.1%), 
TG-P(0.2%), TG-P(0.4%), TG-P(0.8%), TG-P(1.6%): FSG modified by various pectin content (0.1, 0.2, 0.4, 0.8 and 1.6% w/v) and 
constant 0.06% (w/v) MTGase, respectively. Different letters denote significant difference (p < 0.05). 
